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1Department of Neuroscience, Physiology Graduate Training Program, University of Wisconsin, Madison, WisconsinABSTRACT Membrane fusion requires that nearly flat lipid bilayers deform into shapes with very high curvature. This makes
membrane bending a critical force in determining fusion mechanisms. A lipid bilayer will bend spontaneously when material is
distributed asymmetrically between its two monolayers, and its spontaneous curvature (C0) will influence the stability of curved
fusion intermediates. Prior work on Ca2þ-triggered exocytosis revealed that fusion pore lifetime (t) varies with vesicle content
(Q), and showed that this relation reflects membrane bending energetics. Lipids that alter C0 change the dependence of t on Q.
These results suggested that the greater stability of an initial exocytotic fusion pore associated with larger vesicles reflects the
need to bend more membrane during fusion pore dilation. In this study, we explored the possibility of manipulating C0 by
mutating the transmembrane domain (TMD) of the vesicle membrane protein synaptobrevin 2 (syb2). Amperometric measure-
ments of exocytosis in mouse chromaffin cells revealed that syb2 TMD mutations altered the relation between t and Q. The
effects of these mutations showed a striking periodicity, changing sign as the structural perturbation moved through the inner
and outer leaflets. Some glycine and charge mutations also influenced the dependence of t on Q in a manner consistent
with expected changes in C0. These results suggest that side chains in the syb2 TMD influence the kinetics of exocytosis by
perturbing the packing of the surrounding lipids. The present results support the view that membrane bending occurs during
fusion pore expansion rather than during fusion pore formation. This supports the view of an initial fusion pore through two rela-
tively flat membranes formed by protein.INTRODUCTIONDuring membrane fusion, lipid bilayers must transiently as-
sume shapes with very high curvature. This curvature comes
at a significant energy cost, and thus the energetics of mem-
brane bending plays a major role in defining the energy
landscape of fusion and dictating the nature of the structural
transitions that can take place. In catalyzing membrane
fusion, proteins must contort lipid bilayers and deform
them into shapes along the fusion pathway (1,2). Proteins
can thus accelerate fusion by remodeling lipid bilayers
into shapes approaching those of high-energy fusion inter-
mediates. Studies of the membrane bending activity of pro-
teins can provide valuable information for hypotheses about
lipid structures along the fusion pathway. Likewise, studies
of the influence of membrane bending energy on distinct
kinetic steps of fusion can guide how investigators incorpo-
rate membrane bending into a detailed kinetic mechanism.
Membrane fusion creates a lipidic fusion pore formed by
highly curved membranes shaped roughly like an hourglass.
A substantial amount of energy is required to bend mem-
branes into such a structure, and theoretical analysis
indicates that this energy varies dramatically with the spon-
taneous curvature, C0, of a lipid bilayer (3–6). Thus, the
sensitivity of fusion to manipulations of C0 provides insightSubmitted February 3, 2015, and accepted for publication May 11, 2015.
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0006-3495/15/07/0076/9 $2.00into the composition of the fusion pore. Experiments exam-
ining the effect of cone-shaped lipids on viral fusion demon-
strated the early formation of a lipidic fusion pore (7);
however, Zhang and Jackson (8) found that such lipids
had the opposite effect on Ca2þ-triggered exocytosis.
They showed that the initial fusion pores of exocytosis
had longer lifetimes when formed by larger vesicles, and
this difference suggested that expanding a fusion pore
formed by a large vesicle requires the bending of a larger
area of membrane. Altering C0 by adding cone-shaped lipids
to the inner or outer leaflets of the cell membrane altered C0
in opposite ways, and likewise changed the dependence of
fusion pore lifetime on vesicle size in opposite ways. This
work supported the hypothesis that an initial fusion pore
composed of protein forms without significant membrane
bending. Membranes become highly curved only when the
fusion pore starts to dilate after a transition from protein
to lipid. The hypothesis regarding an initial proteinaceous
fusion pore received independent support from measure-
ments of the sensitivity of fusion pore flux to mutations in
SNARE protein transmembrane domains (TMDs) (9–11).
SNARE proteins catalyze biological fusion, and together
with the Ca2þ sensor synaptotagmin these proteins consti-
tute the essential molecular apparatus for Ca2þ-triggered
exocytosis (12–14). The soluble cytoplasmic domains of
synaptotagmin 1 bind to lipids in a Ca2þ-dependent manner
(15) and penetrate lipid bilayers (16) to induce membranehttp://dx.doi.org/10.1016/j.bpj.2015.05.021
Exocytosis and Membrane Bending Energy 77curvature (17,18). Integral membrane proteins can also
deform membranes by applying force to their TMD. The
isolated TMDs of SNARE proteins induce membrane
fusion, but the mechanism of this activity remains unclear
(19). Cone-shaped lipids incorporated asymmetrically into
one leaflet of a bilayer alter C0 and promote membrane
bending (1,2). This raises the possibility that a TMD with
nonuniformly distributed side-chain mass can act in a
similar fashion. In this study, we explored this idea using
mutations in the TMD of the vesicle SNARE protein synap-
tobrevin 2 (syb2). These mutations served as steric perturba-
tions of bilayer structure at controlled depths to change
the C0 of each monolayer in both positive and negative
directions. Using amperometry recording in chromaffin
cells to probe the relation between vesicle size and fusion
pore stability, we expressed various syb2 TMD mutations
with side chains that perturbed the surrounding lipids. The
impact of these mutations on C0 varied depending on the
depth of the side chain within the bilayer. The results
indicated that the syb2 TMD influences the vesicle-size
dependence of fusion pore stability in a manner that closely
follows predictions based on the positions of perturbations
of the inner and outer leaflets of the vesicle membrane.
These data can be interpreted with the aid of a model
in which an initial proteinaceous fusion pore expands to
form a lipidic fusion pore.MATERIALS AND METHODS
The materials and methods used in this work were described in a recent
report from our laboratory (11).Syb2 and cellubrevin double-knockout
chromaffin cells
Syb2/cellubrevin double-knockout (DKO) mice were obtained by crossing
syb2 heterozygous knockout (KO) and cellubrevin homozygous KO mice
(20). The litters were one-quarter DKO (expressing neither syb2 nor
cellubrevin), while the remaining three-quarters, taken as littermate con-
trols, had one or two wild-type (WT) syb2 alleles and no cellubrevin.
Chromaffin cells were cultured from embryonic day 17.5 (E17.5)–E18.5
embryos (8), and individual embryos were genotyped and cultured in
separate dishes.Molecular biology and virus transfection
Full-length mouse WT syb2 was amplified by PCR with the addition of
XhoI 50 and EcoRI 30 restriction sites, and ligated into lentiviral vector
pLox-CMV-EGFP (modified from pLox-Syn-Syn described previously
(21)) to create a fusion construct with EGFP at the N-terminus of syb2
linked by the amino acid sequence SGLRSRG. Mutations were generated
by QuikChange Site-Directed Mutagenesis (Agilent Technologies). WT
and mutant constructs were confirmed by sequencing. HEK293T cells
were cotransfected by the calcium phosphate method with three plasmids:
pLox-CMV-EGFP-Syb2 or mutants, pCAG-VSVg (expressing the VSV-G
envelope protein), and pCMVDR8.91 (expressing the gag/pol proteins).
The supernatant was collected 48–60 h later, filtered with 0.45-mm filter
units, and centrifuged at 70,000 g for 2 h. The concentrated viral particleswere resuspended with 100 mL phosphate-buffered saline and stored at
80C. Chromaffin cells on each coverslip were infected with 10 mL of
viral particles on the day of dissection.Amperometry
Chromaffin cells (1–3 days in vitro) were bathed at room temperature
(~22C) in a solution consisting of (mM) 150 NaCl, 4.2 KCl, 1 NaH2PO4,
0.7 MgCl2, 2 CaCl2, 10 HEPES (pH 7.4). Amperometry recording with
a VA-10 amplifier (ALA Scientific Instruments, Westbury, NY) was per-
formed to detect catecholamine release, using 5-mm carbon fibers polarized
to 650 mV. GFP fluorescence was visualized and used to detect infected
cells. To elicit exocytosis, a depolarizing solution (identical to the bathing
solution but with 105 mM KCl and 5 mM NaCl) was pressure ejected
from an ~2-mm tipped micropipette positioned with a micromanipulator
10–15 mm from the cell. Amperometric current was recorded for 3 s, at
which point the depolarizing solution was puffed for 6 s and recording
was continued for another 14 s. This was repeated up to six times for
each cell.
Recordings were analyzed with an in-house-written computer program
that locates spikes and determines the prespike foot (PSF) duration accord-
ing to a protocol described by Chow et al. (22). Only PSFs with durations
ofR0.75 ms associated with spikes ofR20 pAwere used for analysis. For
each event that satisfied these criteria, we determined the PSF duration (t)
and the total area (Q) of the PSF þ spike. Data were binned according the
magnitude of Q, and Q and t values within bins were averaged.Statistics
Bar graphs generally display the mean5 error. For Q, the arithmetic means
and standard errors of means are presented. For t, the mean and error
were determined from exponential fits to PSF lifetime distributions. Plots
of ln(1/t) versus 1/Q1/3 were fitted to lines, and the slopes are presented
with the errors determined from linear regression. To compare slopes
and PSF durations, one-way ANOVA and Dunnett’s post test were used
to identify the measurements from mutants that differed significantly
from WT syb2.RESULTS
Fusion pore stability, vesicle size,
and membrane curvature
Amperometry detects catecholamine as it is released from
chromaffin cells, and the exocytosis of individual vesicles
produces brief spikes of amperometric current (23). Spikes
are often preceded by PSFs that report the flux of catechol-
amine through nascent fusion pores (24–26). Fig. 1 A dis-
plays three single-vesicle release events recorded from
mouse chromaffin cells. These examples illustrate the impor-
tant relation between the duration (t) of a PSF and the total
area (Q), or charge, of an amperometry event: events with
larger areas have longer-duration PSFs. Binning the Q values
as described in Materials and Methods, and plotting the
average t of those events against Q revealed a strong positive
correlation, with a ~10-fold variation in t over the range of Q
values observed (Fig. 1B). Thus, the stability of a fusion pore
is greater for vesicles containing more catecholamine.
Q scales with the volume of a vesicle calculated from its
area as determined by capacitance measurement (27).Biophysical Journal 109(1) 76–84
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FIGURE 1 (A) Three selected amperometry traces from mouse chromaffin cells show larger events with longer PSFs. Q indicates the total integrated area
of a spike and PSF; values are presented next to each trace. The PSF duration, t, is indicated by a bar under each trace. (B) A plot of t versus Q (3175 events,
100 events per bin). (C) The plot in (B) was transformed to ln(1/t) versus 1/Q1/3. The linear fit and p value for linear regression are indicated.
78 Chang and JacksonFurthermore, Q1/3 has a distribution that nearly overlies the
distribution of the vesicle radius (8). Thus, Q1/3 provides
a quantity that scales as the vesicle radius. The elastic
response to a bending force is measured in terms of curva-
ture, and rates are generally exponential functions of energy.
These considerations motivate the transformation of the t-Q
plot in Fig. 1 B to a ln(1/t)  1/Q1/3 plot. Data thus trans-
formed were well fitted by linear regression (Fig. 1 C), sug-
gesting that membrane elasticity contributes to an energy
barrier of a fusion pore transition. Similar linear behavior
was observed previously in such plots from PC12 cells
and rat chromaffin cells (8).
Zhang and Jackson (8) previously explored the potential
role of membrane bending in the relation between t and
Q by developing a continuum elasticity model based
on the hypothesis that elastic resistance to fusion pore
dilation is proportional to the amount of highly curved
membrane within a lipidic fusion pore. Fig. 2 A illustrates
this point by showing that the contact angle, q, is
larger with smaller vesicles, and the area of curved mem-
brane within the fusion pore is correspondingly smaller.
Mathematical analysis of this model yielded the following
relation:
lnð1=tÞ ¼ Aþ B
Rv

1
Rr
 3C0 þ RrC20

; (1)
where Rv is the vesicle radius; A is the limiting energy (in
units of kT) when R is very large; B is a parameter that de-v
pends on several quantities, such as the radius of the lipidic
fusion pore and the membrane flexural rigidity; and Rr is
related to the fusion pore geometry. The full version of
this expression is Eq. 2 of Zhang and Jackson (8), and the
derivation along with full expressions for A and B can be
found in the appendix of that work. Equation 1 contains
the salient aspects of this model. ln(1/t) is proportional to
1/Rv (or 1/Q
1/3), and the slope depends on C0. Fitting of
Eq. 1 to transformed t-Q data, as presented in Fig. 1 C, pro-
vides a means of interpreting the relation between t and Q in
terms of C0.Biophysical Journal 109(1) 76–84Tryptophan mutations in the syb2 TMD
The relation between t and Q provides the basis for testing
whether mutations in the TMD of a protein can alter C0.
Syb2 is the most abundant protein by copy number in syn-
aptic vesicles (28) and is abundant in dense-core vesicles
as well (11,29). Tryptophan has the largest side-chain vol-
ume of the natural amino acids, and when it faces the fusion
pore lumen, it obstructs fusion pore flux (10,11). Therefore,
we introduced tryptophan substitutions in the TMD (resi-
dues 95–116) with the expectation that when it faces the
surrounding bilayer, it will create a bulge that will perturb
the packing of lipids and modify C0 of the vesicle mem-
brane. Fig. 2 B illustrates how we can expect tryptophan
mutations at different locations within a TMD to perturb
the membrane in different ways. Mutations near the head-
groups of the cytosolic leaflet or toward the end of the
hydrocarbon chains of the luminal leaflet will both make
C0 negative. (Note that C0 is taken as positive for the
bending of membrane that occurs within the fusion pore
in the plane perpendicular to the membranes. This is the
shaded area in Fig. 2 A, and is commonly referred to as
the meridian curvature. The parallel curvature in a fusion
pore is opposite in sign and not visible in the projection
shown in Fig. 2 A.) Conversely, mutations near the hydro-
carbon chain ends of the cytosolic leaflet or near headgroups
of the luminal leaflet will make C0 positive (Fig. 2 B).
We generated tryptophan mutations through the syb2
TMD and expressed them in DKO chromaffin cells. WT
and mutant syb2 constructs expressed at similar levels,
targeted dense-core vesicles, and rescued secretion to
similar degrees producing ~8-fold increases in Ca2þ-trig-
gered exocytosis over untransfected DKO control cells
(11). Thus, the fusion events observed can be attributed
almost entirely to the expressed form of syb2 rather than
endogenous vesicular SNARE protein. Fig. 2 C presents
three representative ln(1/t)  1/Q1/3 plots that show that
tryptophan substitution at position 96 increased the slope
compared with the WT, whereas tryptophan substitution
at position 101 decreased the slope. The slopes from WT
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FIGURE 2 (A) Schematic depiction of how
vesicle size influences the amount of curved mem-
brane contained within a fusion pore. Smaller ves-
icles have larger contact angles (q) and a lower area
of highly curved membrane (darker shading). (B)
Vesicle membrane curvature alterations by bulky
tryptophan side chains at different positions in
the syb2 TMD. The bilayer spontaneous curvature
(C0) is negative with the perturbation close to the
headgroups of the cytoplasmic leaflet, and changes
signs three times as the perturbation moves
through the bilayer. (C) Representative plots of
ln(1/t) versus 1/Q1/3, with linear fits from cells ex-
pressing WT syb2, M96W, and V101W mutants.
(D) Slopes from linear fits to ln(1/t)  1/Q1/3 plots
from cells expressing WT syb2 and all tryptophan
mutations in the syb2 TMD. The slopes increased
with mutations at positions 96–98 and 107–111,
and decreased with mutations at 99–105 and
112–116. Syb2 TMD (residues 95–116) is shown
as a yellow ribbon model, and residues 98, 105,
and 112 (shown as sticks) correspond roughly to
positions where the effect on slope changes sign.
A red sine wave drawn by eye through the data
highlights the periodic changes in slope. Mutants
that significantly altered the slope are indicated
(*p < 0.05, **p < 0.01 compared with WT syb2;
some p values of mutants are indicated). (E and
F) Vesicle content (Q; E) and PSF duration (t; F)
for WT syb2 and all TMD tryptophan mutants
(*p < 0.05, **p < 0.01 compared with WT
syb2) are shown. To see this figure in color,
go online.
Exocytosis and Membrane Bending Energy 79syb2 and tryptophan mutants along the entire length of
the TMD are displayed in Fig. 2 D as a function of residue
number. These slopes varied by almost a factor of 2 and
exhibited a striking periodic variation with position along
the TMD (a sine wave in Fig. 2 D highlights this period-
icity). Tryptophan substitutions at positions 96–98 and
107–111 increased the slopes, and tryptophan substitutions
at 99–105 and 112–116 decreased the slopes. This trend cor-
responded well with the expected location of the mutations
with respect to the headgroups and hydrocarbon chains
of the two leaflets of the vesicle membrane (Fig. 2 B).
Mutations increasing the slopes were predicted to make
C0 negative and mutations reducing the slopes were pre-
dicted to make C0 positive.
None of the tryptophan mutations changed Q (Fig. 2 E),
but the PSF lifetime changed with the position of the tryp-
tophan substitution in a trend that roughly paralleled the
changes in slope (Fig. 2 F). As previously seen with manip-
ulations of C0 using lipids (8), the fusion pore was usually
stabilized (longer t) as slopes increased and destabilized
as slopes decreased. However, the trend was not perfect.For example, the mutant with tryptophan at residue 108
had a t of 2.1 ms, whereas the mutants with tryptophan at
the two neighboring positions had a t of >3 ms (Fig. 2 F).
By contrast, slopes from these mutations were very similar
(Fig. 2 D). These disparities can be explained by noting
that the slope effectively isolates membrane bending factors,
whereas t depends on additional factors such as specific con-
tacts with other molecules (as discussed below; see Fig. 6).Glycine mutations
As a contrast to tryptophan bulges, we introduced cavities
by mutating to glycine. At positions 99, 101, and 102, where
tryptophan reduced the slope, glycine left a slope similar to
that of the WT (Fig. 3 B). At position 111, where tryptophan
increased the slope, glycine produced a small, statistically
insignificant decrease. At position 111, a plot for five
different substitutions showed a statistically significant
dependence on the side-chain volume (Fig. 3 C). However,
in similar plots for substitutions at positions 99, 101,
and 102, there was no statistically significant correlationBiophysical Journal 109(1) 76–84
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FIGURE 3 (A) Representative plots of ln(1/t) versus 1/Q1/3 and linear fits from cells expressing WT syb2, I111G, and I111W mutations. (B) Slopes of
ln(1/t) versus 1/Q1/3 plots from cells expressing WT syb2, and glycine and tryptophan mutations at positions 99, 101, 102, and 111 (*p < 0.05, **p <
0.01 compared with WT syb2). Glycine mutations left slopes similar to that of the WT. (C) A plot of slope versus side-chain volume at position 111 exhibits
a positive correlation. Linear regression yielded a p value of 0.007. The letters indicate the substitutions at position 111. To see this figure in color, go online.
80 Chang and Jackson(data not shown). Thus, vacancies produced by glycine had
smaller effects than bulges produced by tryptophan.Multiple mutations
To evaluate the additivity of the TMD mutations, we intro-
duced four tryptophans (4W) or four glycines (4G) at posi-
tions 99, 101, 103, and 105. Single tryptophan mutations
decreased the slopes at all of these sites, and we expected
that quadruple mutations would enhance this effect. We
also created a quadruple tryptophan mutation within the
C-terminal half of the TMD (Cter-4W) at positions 108
and 110, where single tryptophan mutations increased the
slope, and positions 112 and 113, where single tryptophan
mutations decreased the slope (Fig. 2 D). The anticipated
effects on C0 of these quadruple mutants are illustrated
in Fig. 4 A. Fig. 4 B presents the plots of ln(1/t) versus
1/Q1/3 together with linear fits. The slope of the 4W mutant
plot was indistinguishable from that of the single tryptophan0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Biophysical Journal 109(1) 76–84mutants, indicating that the effects of these bulges were not
additive (Fig. 4 C). The 4G mutant significantly increased
the slope (Fig. 4 C), in contrast to the lack of effect of single
glycine mutants (Fig. 3 B). The Cter-4W mutant did not
alter the slope (Fig. 4 C), which may reflect the opposing
effects of tryptophans at the different positions (Fig. 4 A).
In summary, single mutations with the same effect showed
additivity only with multiple cavity-inducing glycine substi-
tutions, whereas tryptophan mutations with opposite effects
canceled. These results indicate partial additivity in the
effects of TMD mutations on the slopes of ln(1/t)  1/Q1/3
plots, which may in turn reflect partial additivity in the
effects on C0.Electrostatic interactions
We tested charge mutations as a contrast to the mutations
that create protrusions or vacancies. Single negatively and
positively charged side chains at positions 99, 101, 102,0
-4W
99G 4G Cter-4W
**
FIGURE 4 (A) Schematic depiction of the ex-
pected influence on vesicle membrane curvature
of quadruple tryptophan (4W) and glycine (4G)
mutations at positions 99, 101, 103, and 105, and
a quadruple tryptophan mutation at positions 108,
110, 112, and 113 of the syb2 TMD (Cter-4W).
The expected bilayer C0 changes with different
mutants. (B) Plots of ln(1/t) versus 1/Q1/3
and linear fits from cells expressing WT syb2,
4G, 4W, and Cter-4W mutants. (C) Slopes of
ln(1/t)  1/Q1/3 plots from cells expressing WT
syb2, L99G, 4G, L99W, 4W, and Cter-4W
(**p < 0.01, ***p < 0.001 compared with WT
syb2). To see this figure in color, go online.
Exocytosis and Membrane Bending Energy 81and 111 failed to change the slopes of ln(1/t)  1/Q1/3 plots
(Fig. 5, A–D). We also tested quadruple aspartate and argi-
nine mutations (4D and 4R, respectively) at positions 99,
101, 103, and 105. The 4D mutant did not change the slope,
but the 4R mutant significantly decreased the slope. This
could reflect either the large side-chain volume of arginine
or a water defect induced by burying charge within the
hydrocarbon interior (see Discussion).Slope correlations with PSF duration
Fig. 2 shows that tryptophan mutations influence the mean
PSF duration as well as the slope of ln(1/t) versus 1/Q1/3
plots. If the mutations alter fusion pore kinetics solely
through an effect on membrane bending, our proposed
mechanism (illustrated by the diagram in Fig. 2 A) would0.10 0.20 0.30
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1/3suggest that we should see parallel changes in these two
quantities. Plots of PSF duration versus slope suggest that
this is the case for substitutions with steric effects, such as
tryptophan and glycine (Fig. 6 A), but not for charge muta-
tions (Fig. 6 B). The correlation in Fig. 6 A is highly signif-
icant, with the points from the tryptophan and glycine
mutations each falling on their own lines. The slope for
the tryptophan mutations is approximately twice as steep
as the slope for the glycine mutations. This correlation
supports the idea that a common mechanism underlies the
effects of tryptophan and glycine substitutions on fusion
pore stability. However, two of the tryptophan mutations
(residues 98 and 108) fell far from the best-fitting line.
The most likely explanation for this observation is that these
two residues are unique among the TMD residues in having
an additional influence on fusion pore stability through a4D 4R
101R I102R I111R
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*
FIGURE 5 (A and C) Plots of ln(1/t) versus
1/Q1/3 and linear fits from cells expressing aspartic
acid or arginine at positions 99, 101, 102, and 111.
(B and D) Slopes of the linear fits. (E) Plots of
ln(1/t) versus 1/Q1/3 and linear fits from cells ex-
pressing WT syb2, quadruple aspartic acid (4D),
and quadruple arginine (4R) mutations at
positions 99, 101, 103, and 105. (F) Slopes from
(E); 4R significantly reduced the slope (*p <
0.05 compared with WT syb2). To see this figure
in color, go online.
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FIGURE 6 Slopes from plots of ln(1/t) vs.
1/Q1/3 (as in Fig. 2 C) were plotted against mean
PSF duration (t). (A) Plot for tryptophan (W) and
glycine (G) substitutions. (B) Plot for charged
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82 Chang and Jacksonmechanism that is independent of membrane curvature. It is
therefore intriguing that one of the residues, residue 98, is in
close contact with the syntaxin TMD in a crystal structure of
the cis-SNARE complex (31). The tryptophan substitution
at this position could thus disrupt a zippering interaction
with syntaxin. The interaction of the other residue that fell
off the linear plot in Fig. 6 A, residue 108, remains unclear.DISCUSSION
In this study, we explored the correlation between vesicle
size and fusion pore stability, and used this relation to test
TMD mutations as perturbants of membrane curvature.
These perturbations enabled us to assess the role of mem-
brane curvature in Ca2þ-triggered exocytosis. The longer t
with larger vesicles indicates that their fusion pores dilate
more slowly, and the linear correlation between ln(1/t)
and 1/Q1/3 suggests that membrane bending contributes to
the energy barrier for this kinetic process. We can interpret
these results within the framework of a model in which the
PSF represents flux through an initial proteinaceous fusion
pore, and the PSF-to-spike transition reflects a conversion
of a proteinaceous fusion pore to a lipidic fusion pore
(8,32,33). For smaller vesicles, the contact angle between
the vesicle and plasma membranes is larger, and a lipidic
fusion pore contains less highly curved membrane (Fig. 2
A). This enables the proteinaceous fusion pore to convert
to lipid more rapidly. The alternative scenario is that a
PSF reflects flux through a lipidic fusion pore, and that the
lipidic fusion pores of smaller vesicles expand more rapidly.
Previous work distinguished between these two possibilities
based on changes in C0 due to cone-shaped lipids (8). Here
we show that, like cone-shaped lipids, protein TMDs can
alter C0. The perturbations of C0 by syb2 TMD mutations
confirmed and extended the results obtained with lipids.
Because our TMD mutations target different depths within
a bilayer with much greater precision, we could test the
full scope of influence of structural defects on C0. It is
important to point out that these experiments do not test
the hypothesis that the syb2 TMD itself is a structural
component of the fusion pore actually lining its wall.Biophysical Journal 109(1) 76–84Here, the effects of the syb2 TMD were realized solely by
its presence in the vesicle membrane. To change C0, a
TMD must be imbedded in the lipid bilayer. Any abundant
vesicle-targeted TMD could exert such an influence, and the
proteins that form the fusion pore are irrelevant to our
assessment of TMD mutations. The critical point is that
lipid bilayer C0 can be altered by TMD mutations.
Tryptophan mutations at different locations in the
syb2 TMD resulted in different effects on the slopes of
ln(1/t) 1/Q1/3 plots. The variations in slope (Fig. 2 D) cor-
responded well with the location of the bulge and the ex-
pected effect on C0 (Fig. 2 B). The slopes increased with
tryptophan mutations near the headgroups of the cytosolic
leaflet (positions 96–98) and the hydrocarbon chains of
the luminal leaflet (positions 107–111) (Fig. 2, C and D).
These mutations thus stabilized the fusion pore. This result
is consistent with the prediction of a model based on an
initial proteinaceous fusion pore (Fig. 7 A). Tryptophan mu-
tations at positions 95–98 and 107–111 should decrease C0
and bend the vesicle membrane away from the curvature
seen in a lipidic fusion pore (Fig. 7 B, left), thus stabilizing
the proteinaceous fusion pore (Fig. 7 A, left) and increasing
the slope of ln(1/t)  1/Q1/3 plots. Conversely, tryptophan
bulges at positions 99–105 and 112–116 should increase
C0 to bend the membrane toward the curvature seen in a
lipidic pore (Fig. 7 B, left), thus decreasing the slope. Our
data confirmed all of these predictions.
Small side-chain glycine substitutions induced smaller
changes in slopes (Fig. 3 B), but a quadruple glycine
mutation significantly increased the slope, as expected for
a vacancy at that location. By contrast, the corresponding
quadruple tryptophan mutation failed to show an additive ef-
fect (Fig. 4 C). Although the results are generally consistent
with the anticipated effects on C0, the reasons for the weaker
effects of single cavities, and the difference in additivity of
effects of cavities versus protrusions are not clear. Charged
side-chain substitutions failed to alter the slopes, with the
exception of the quadruple 4R mutation, which decreased
the slope. Because arginine has a large side chain, the effect
could be steric. However, burying charges in a membrane
can also distort the bilayer structure by producing water
Vesicle lumen
stablizing destablizing
A
B
Vesicle lumen
FIGURE 7 Schematic depiction of how fusion pore stability is influenced
by bulky tryptophan side chains at different positions in a TMD. The per-
turbations illustrated in Fig. 2 B are incorporated into models for proteina-
ceous and lipidic fusion pores. (A) A proteinaceous initial fusion pore. Left:
tryptophan creates a bulge around the headgroups of the cytosolic leaflet
and the ends of hydrocarbon chains of the luminal leaflet of the vesicle
membrane to maintain the vesicle curvature and stabilize the initial protein-
aceous fusion pore. Right: tryptophans near the luminal leaflet headgroups
and cytosolic leaflet hydrocarbon chain ends destabilize the proteinaceous
pore. (B) A lipidic fusion pore. Left: tryptophan bulges as shown in (A)
(left) introduce curvature opposite to that of the surrounding lipids to desta-
bilize the lipidic pore. Right: tryptophan bulges as shown in (A) (right) pack
well into the curvature of the surrounding lipid bilayers and stabilize the
lipidic pore. To see this figure in color, go online.
Exocytosis and Membrane Bending Energy 83defects that reduce the distance of a buried charge to bulk
water (34,35). In general, positive charges are more difficult
to move into the interior of a lipid bilayer. The introduction
of these charges in the N-terminal half of the syb2 TMD can
be interpreted in terms of a bilayer defect in the cytosolic
face of the vesicle membrane that increases C0.
Manipulating C0 with protein TMD mutations yielded re-
sults consistent with the results of lipid manipulations (8).
The defects induced by tryptophan bulges and glycine cav-
ities corresponded well with the various extracellular and
intracellular additions of oleic acid and lysophosphatidyl-
choline, and intracellular phosphatidylserine. Both protein
and lipid perturbations for which we expected favorable
packing into the curved membrane of a lipidic fusion pore
destabilized the PSF, and perturbations for which we ex-
pected unfavorable packing stabilized the PSF. Extracellularlysophosphatidylcholine destabilized exocytotic fusion
pores (8) but stabilized viral fusion pores (7), indicating
fundamentally different mechanisms of membrane fusion
in the two processes.
Previous work showed that mutations in the syntaxin
TMD altered flux through initial fusion pores, implicating
the syntaxin TMD as a structural component of the fusion
pore through the plasma membrane (9,10). More recent ex-
periments with syb2 implicated its TMD as a structural
component of the fusion pore through the vesicle membrane
(11). However, kiss-and-run events can give rise to amper-
ometry spikes (36) and allow the loss of vesicle membrane
(37,38). These results suggest that larger lipidic fusion
pores can reseal, as indicated by capacitance flickers in
protein-free systems (39). Lipid mixing can precede content
mixing, and hemifusion intermediates form during SNARE-
mediated liposome fusion assays. A TMD-truncated yeast
v-SNARE protein or low copy numbers of yeast v-SNAREs
impaired inner leaflet lipid mixing (40). Syntaxin and syb2
were shown to mediate hemifusion in liposome and cell
fusion assays, and GPI-linked SNAREs produced only hem-
ifusion (41). The TMDs of a single SNARE complex cannot
form a channel, but can promote very low levels of liposome
fusion (42). Although hemifusion intermediates form in a
variety of situations, the fusion rates are generally slow.
The proteinaceous fusion pore may be an adaptation for
speed and specificity during synaptic transmission. The
issue remains controversial, and composite fusion pores
with both protein and lipid have been proposed (43,44). A
proteinaceous fusion pore remains the most parsimonious
interpretation of the effects of TMD mutations on both
fusion pore flux and fusion pore stability. Resolution of
this issue will probably require direct structural studies of
exocytotic intermediates.AUTHOR CONTRIBUTIONS
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